Abbreviations : ANUG, acute necrotizing ulcerative gingivitis ; GluA, glucuronic acid ; GalA, galacturonic acid.
INTRODUCTION
Based on epidemiological studies mainly relying on microscopic evidence spirochaetes are suspected to play an active role in oral disorders ranging from gingivitis and various forms of periodontitis to acute necrotizing ulcerative gingivitis (ANUG). For most of the more than 40 treponemal phylotypes identified in human oral microbiota, however, little phenotypic information is available. This was recently confirmed even for cultured treponemes present in the Smibert Treponema culture collection (Paster et al., 1998) . Although 16S rRNA sequencing identified several novel species, the available phenotypic data were insufficient for their formal taxonomic description (Paster et al., 1998) .
Conversely, confident classification of treponemes without recourse to DNA comparison proves difficult not only because these organisms are fastidious in culture but also because standard laboratory methods yield only a very limited number of distinguishing C. Wyss and others characteristics. Consequently, relying only on prominent phenotypic traits, novel isolates may be incorrectly assigned to known species. Relevant examples from our own experience are (1) that cellular fatty acid analysis of human oral treponemes does not always correlate with 16S rRNA gene sequence comparative analysis (Paster et al., 1998) ; (2) the misassignment of strains to the species Treponema denticola based on their strong proteolytic activity (C. Wyss and others, unpublished) and (3) the misassignment of strains to the species Treponema pectinovorum, based on their strict growth dependency on glucuronic acid (GluA)\galacturonic acid (GalA), which is the subject of this study.
The combination of in vitro phenotypic characterization and phylogenetic classification has led recently to the description of four novel oral spirochaetes : Treponema amylovorum (Wyss et al., 1997) , Treponema lecithinolyticum (Wyss et al., 1999) , Treponema maltophilum and Treponema medium (Umemoto et al., 1997) . Speciesspecific or group-specific DNA probes based on characteristics of the respective 16S rRNA sequences could be applied to detailed culture-independent epidemiological investigations of the association of different treponemes with various forms of oral disease (Moter et al., 1998 ; Wyss et al., 1999 ; Paster et al., 1999) .
Here we report that four treponemal isolates in the OMZ (Orale Mikrobiologie Zu$ rich) culture collection cluster within the recently identified species-level phylotype ' Smibert-2 ' (Paster et al., 1998) . Based on the phenotypic characteristics of the OMZ strains we present a formal description of the novel species, for which the name Treponema parvum sp. nov. is proposed, with strain OMZ 833 T (l ATCC 700770 T ) as the designated type strain and OMZ 842 (l ATCC 700773) as reference strain for a second serotype.
METHODS
Plaque samples. Plaque samples from Swiss (CH) patients with refractory periodontitis were obtained and processed as described by . Chinese (PRC) patients attending clinics in Beidaihe, Chengede, Shijiazhuang and Xi'an (People's Republic of China) gave informed consent for the collection of plaque and blood samples for use in a scientific study of no direct relevance to their personal treatment. The study group was composed of 21 patients with gingivitis only and 21 patients with all criteria of ANUG, viz. bleeding, fetid odour, punched out interdental papilla, gingival ulceration\necrosis and pseudomembrane (Carranza & Newman, 1996) . The three sites with the most prominent symptoms in each patient were sampled using a sterile curette and pooled into reduced transport fluid (Loesche et al., 1972) supplemented with 10 % (v\v) glycerol and frozen to k80 mC within 1 h of collection. Frozen samples were transported on dry ice to Zu$ rich and stored there at k80 mC. After thawing (3-4 months post-collection), samples from eight ANUG and three gingivitis patients were cultured by limit dilution assay in medium OMIZ-Pat with 1 % human serum (OMIZ-Pat\HuS), and rifampicin (1 mg l − ") and fosfomycin (100 mg l − ") as described by Wyss et al. (1997) , but additionally supplemented with polymyxin (5 mg l − ") and nalidixic acid (30 mg l − "). Treponemes isolated by limit dilution culture were cloned on agar plates of OMIZ-Pat\HuS without antibiotics and grown for stock cultures. Strains were characterized as described below. This study was concerned only with clones displaying a strict growth requirement for either GluA or GalA (Table 1) .
Phenotypic characterization of bacteria. ApiZym tests, growth assays, electron microscopy and protein, antigen and glycan analyses on blots after SDS-PAGE were performed as described previously (Wyss, 1998 ; Wyss et al., , 1997 Wyss et al., , 1999 .
For confocal laser scanning microscopy cultures were stained for 15 min in the dark with Live\Dead BacLight solution (0n5 µl per 25 µl culture) (Molecular Probes) and viewed with an Ar-Kr laser (MRL-600 ; Bio-Rad).
mAbs. mAbs 465TP1 (OMZ 833 T -specific) and 466TP1 (OMZ 881-specific) were produced as described by WernerFelmayer et al. (1988) following the intraperitoneal immunization of a female Balb\c mouse with approximately 10) pasteurized (60 min at 65 mC) OMZ 833 T and OMZ 881 bacteria. Booster injections were made 4 and 8 weeks after the initial immunization ; no adjuvant was used. Supernates of wells with growth of hybrid cells and, later, from culture vessels containing cloned cell lines were screened consecutively by whole-cell ELISA and whole-cell immunofluorescence (Werner-Felmayer et al., 1988) . Hybridoma culture supernates diluted 1 : 10 were used for immunoblots with a second reagent as described by Wyss (1998) .
Sequencing of 16S rRNA genes and phylogenetic analysis
Amplification of genes by PCR and purification of PCR products. The 16S rRNA cistrons were amplified with universal bacterial primers as described previously (Paster et al., 1998) . PCR was performed in thin-walled tubes with a Perkin-Elmer 9700 Thermocycler. DNA template (1 µl, approx. 100 ng) was added to a reaction mixture (50 µl final vol.) containing 20 pmol each primer, 40 nmol dNTPs, 1 unit Taq 2000 polymerase (Stratagene) in buffer containing Taqstart Antibody (Sigma). In a hot-start protocol, samples were preheated at 95 mC for 8 min followed by amplification using the following conditions : denaturation at 95 mC for 45 s, annealing at 60 mC for 45 s and elongation for 1n5 min with an additional 5 s per cycle. A total of 30 cycles were performed, followed by a final elongation step at 72 mC for 10 min. The results of PCR amplification were examined by electrophoresis in a 1 % agarose gel. DNA was stained with ethidium bromide and visualized under short-wavelength UV light.
16S rRNA gene sequencing. Purified DNA from PCR was sequenced using an ABI PRISM Cycle-Sequencing kit (BigDye Terminator Cycle Sequencing kit with AmpliTaq DNA polymerase FS ; Perkin-Elmer). Primers used for sequencing were as described previously . Quarter dye chemistry was used with 80 µM primers and 1n5 µl PCR product in a final volume of 20 µl. Cycle sequencing was performed using an ABI 9700 thermocycler with 25 cycles of denaturation at 96 mC for 10 s, and annealing and extension at 60 mC for 4 min. Sequencing reactions were run on an ABI 377 DNA sequencer.
16S rRNA data analysis. Sequence data were entered into , a program set for data entry, editing, sequence alignment, secondary structure comparison, similarity Treponema parvum sp. nov. matrix generation and dendrogram construction for 16S rRNA in Microsoft QuickBasic for use with PCs, and were aligned as described previously (Paster & Dewhirst, 1988) . Our database contains over 3000 sequences obtained in our laboratory and over 1000 obtained from GenBank. Sequences were first checked by  analysis against all entries in GenBank (Altschul et al., 1997) . Phylogenetic trees were constructed using the neighbour-joining method of Saitou & Nei (1987) . , a software package for the Microsoft Windows environment, was used to construct and draw evolutionary trees (Van De Peer & De Wachter, 1993) . Two hundred bootstrap trees were generated and bootstrap confidence levels were determined using the  program.
Nucleotide sequence accession numbers. Accession numbers for complete 16S rRNA gene sequences are listed in Table 1 .
RESULTS AND DISCUSSION
Direct methods currently available to examine the potential association of treponemes with different oral diseases include analysis of their distribution by in vitro cultivation, by identification of their 16S rRNA signature and by microscopic analysis either directly or in combination with immunolabelling or fluorescent in situ hybridization to phylotype-specific DNA probes ; an indirect method is the search for treponeme-specific antibodies in serum or crevicular fluid of the study population. Since each of these methods has inherent limitations conclusive results will depend on their combined application.
All cultivation efforts to date have failed to recover the full spectrum of treponemes present in samples from sites affected with periodontitis, or even to detect reliably the presence of the presently cultivable treponemes. However, cultured treponemes provide the essential material basis for physiological and genomic analysis, as well as for development and validation of culture-independent methods for largescale epidemiological investigations. In our in vitro cultivation of about 150 oral samples from human patients we have focused on a search for isolates with novel characteristics rather than attempting a quantitative analysis of cultivable treponemes. This produced a large collection of cloned treponemal lines which may differ in physiological characters such as growth requirements and enzyme activities or in composition as revealed by protein and antigen pattern or gross cell morphology. The taxonomic weight of these phenotypic characters was not always obvious and classification required the additional analysis of the phylogenetically informative 16S rRNA sequences.
Growth characteristics
In the course of extensive studies of cultivable oral treponemes (Wyss, 1992 ; Wyss et al., , 1997 Wyss et al., , 1999 we have isolated 17 distinct clonal lines of spirochaetes with a strict requirement for either GluA or GalA, which is a characteristic of T. pectinovorum (Table 1) .
T. pectinovorum ATCC 33768 T and the 17 isolates listed showed rapid growth and acid production in medium OMIZ-Pat\HuS. However, when single carbohydrates were provided in carbohydrate-free OMIZ-Pat\HuS the growth response of four of these strains (OMZ 833 T , OMZ 832, OMZ 842 and OMZ 843) differed from that of T. pectinovorum ; i.e. these novel strains showed no growth with pectin and only slow growth with GluA\GalA (GluA being more effective than GalA). In the presence of either GluA or C. Wyss and others
GalA growth of these four strains was strongly enhanced by the provision of any one of the following carbohydrates : -arabinose, -galactose, -glucose, -fructose, -mannitol, -mannose, pectin, -ribose or -xylose. No effect was seen with : -arabinose, -cellobiose, -fucose, -fucose, -GalA, -GluA, -lactose, -maltose, -melibiose, -rhamnose, -sorbose, -sucrose, -trehalose and -xylose. Neither the type strain of T. pectinovorum nor any of the other 13 strains showed enhanced growth in any combination of GluA\GalA with a second carbohydrate.
All strains of oral treponemes so far examined grew on medium OMIZ-Pat alone, although addition of 1 % human serum improved the growth of most of them. In contrast, addition of fetal bovine serum (FBS) at concentrations as low as 1 % (v\v) completely inhibited growth of all isolates of T. amylovorum, T. maltophilum, T. lecithinolyticum and Treponema socranskii (all subspecies), whereas it promoted growth of T. denticola, T. pectinovorum, T. medium, ' Treponema vincentii ' and the four novel isolates. The metabolic basis of growth stimulation and inhibition of specific Treponema species by human serum and FBS (Wyss, 1992 ; Wyss et al., , 1997 Wyss et al., , 1999 ) is poorly understood but warrants further investigation.
Enzyme activities
The 19 enzyme activities determined by ApiZym for our 17 treponeme isolates as well as T. pectinovorum ATCC 33768 T were as follows : low activities of alkaline phosphatase and esterase C4 and C8, intermediate activities of acid phosphatase and naphthol phosphohydrolase ; other enzyme activities were not detected, except for a strong β-glucuronidase activity in the novel strains OMZ 832, OMZ 833 T , OMZ 842 and OMZ 843. In contrast to some strains of T. pectinovorum studied by Kesavalu et al. (1997) , none of our isolates had trypsin-like activity detectable by ApiZym.
Protein and antigen pattern
The protein patterns revealed a clear difference between the novel strains and the other 13 strains which appeared homogeneous and virtually identical to T. pectinovorum ATCC 33768 T (Fig. 1a) . In contrast to the strains studied by Walker et al. (1997) our T. pectinovorum isolates showed no obvious differences in electrophoretic mobility of the major proteins. Such differences, however, were evident in extracts of the four novel isolates ; even strains OMZ 832 and OMZ 843, isolated from the same patient, showed conspicuously different major protein patterns (Fig. 1a) . Furthermore, immunolabelling of such blots revealed two serotypes each within T. pectinovorum and the novel isolates : a prominent mAb 466-reactive antigen distributed diffusely over a molecular mass range from about 40 100 kDa was detectable in immunoblots of seven strains (OMZ 831, OMZ 881, 33R2B, 34R2A, 35E5A, 36FPA, 38FPA), but absent in the seven other isolates and all other cultivable oral spirochaetes. Similarly, a prominent mAb 465 antigen detectable in the 10-20 kDa range was seen in OMZ 833 T , but not in the other three glucuronidase-active strains ( Fig. 1b ; Table 1 ) nor in any other cultured oral spirochaete. The nature of the molecules carrying the epitopes recognized by mAbs 465 and 466 are not known, but may be related to the LPS-like components described by Walker et al. (1999) . The pattern of flagellins detected by immunolabelling or by glycan staining in extracts of our 17 isolates were indistinguishable from those previously reported for T. pectinovorum ATCC 33768 T (Wyss, 1998) Treponema parvum sp. nov.
Morphology
Actively proliferating cultures of the novel, β-glucuronidase-active strains are dominated by thin and very short cells (Fig. 2a) , often only one wavelength long, although chain formation occurs frequently in older cultures. Electron microscopic analysis of the novel isolates OMZ 833 T and OMZ 842 showed a 1 : 2 : 1 flagellar arrangement (Fig. 2b) , in accordance with data for one ' Smibert-2 ' strain of the Smibert collection (Paster et al., 1998) . This may appear to distinguish it from T. pectinovorum, which is sometimes cited as having a 2 : 4 : 2-type flagellation (Loesche, 1988 ; Weber & Canale-Parola, 1984) . However, our own electron microscopic analysis of T. pectinovorum strains ATCC 33768 T and OMZ 831 consistently showed 1 : 2 : 1-type flagellation (not shown) and we consider this to be in accordance with the original species description, including the published micrograph (Smibert & Burmeister, 1983) . Confusion may have arisen through verbal descriptions confounding the number of flagella per cell and number of flagella attached per pole. The five pectinolytic spirochaetes characterized by Weber & Canale-Parola (1984) all show a 1 : 2 : 1-type flagellation, which these authors (mistakenly) interpreted to be different from T. pectinovorum. At least some of these strains have more recently been classified by 16S rRNA sequencing as T. pectinovorum (Walker et al., 1997) in spite of significant differences in their GjC content, their ability to utilize GalA (Weber & Canale-Parola, 1984) and their trypsin-like protease activity (Kesavalu et al., 1997) .
Phylogenetic classification
The 16S rRNA sequences of the four GluA\GalA-dependent strains with β-glucuronidase activity (Table  1) were essentially identical to those of the previously identified species-level phylotype ' Smibert-2 ' (Paster et al., 1998) . The 16S rRNA sequences of the five strains, referred to as T. parvum in the dendrogram (Fig. 3) , differ by only 1-4 bp. T. parvum is the sole representative of Group 7, one of the 10 Groups of oral treponemes previously described (Paster et al., 1998) . The closest known relatives of T. parvum are T. pectinovorum (Group 8) and T. amylovorum (Group 5) at a mean level of 89 % sequence similarity.
Ecology
The differences in carbohydrate utilization and enzyme activities between T. pectinovorum and the four novel strains suggests that these two groups occupy different positions in the oral food chain. However, it appears that the two groups do not exclude each other, since both have been isolated from the same patient (though pooled from three sites). Our novel strains are unable to grow on pectin and are strictly dependent on GluA\GalA. Their strong β-glucuronidase activity may suffice to procure GluA from an as-yet un- second carbohydrate. Since no glycosidase activity other than β-glucuronidase was detected it is likely that in vivo these organisms depend on degradative activities of other members of the oral microbiota as has been described for other spirochaetes (Glenister et al., 1988 ; ter Steeg & van der Hoeven, 1990) .
Immunohistochemical analyses of the bacterial populations in ANUG lesions has indicated an increased prevalence of T. denticola and of pathogen-related spirochaetes (PROS) (Riviere et al., 1991) . Recently, we have shown that PROS are a heterogeneous group of treponemes, including the cultivable ' T. vincentii ' and T. medium (Wyss, 1998) . We have isolated PROS and T. denticola as well as numerous other species from Chinese ANUG and gingivitis samples (Table 1) . To our knowledge no information concerning T. pectinovorum in ANUG has been published. Despite the neglect of quantitative aspects in our cultural studies of oral treponemes it seems noteworthy that 7\8 Chinese ANUG and 3\3 Chinese gingivitis samples, but only 2\ 100 Swiss periodontitis samples yielded typical T. pectinovorum. Whether this is a plausible reflection of differences in food consumption between populations in China and Switzerland rather than the state of oral health must be decided by the analysis of adequately matched patient groups. Presently, we are applying phylogenetically discriminating DNA probes to our 21 ANUG and 21 gingivitis samples from Chinese patients to evaluate the distribution of different treponemal phylotypes. T. pectinovorum has been reported to be the only cultivable treponeme with increased frequency during destructive periodontitis (Moore et al., 1991) and to be strongly associated with HIV-associated periodontitis (Walker et al., 1997) . In contrast, we have cultured T. pectinovorum only from two of more than 100 Swiss periodontitis samples. In a culture-independent epidemiological study a species-specific DNA probe did not detect T. pectinovorum in 53 deep periodontal pockets and samples from 44 control sites (Moter et al., 1998) . Also, the 16S rRNA sequence library created from a single periodontitis plaque sample (Choi et al., 1994) , or from several subjects with ANUG, periodontitis and refractory periodontitis (Dewhirst et al., 2000) did not contain T. pectinovorum. These apparently contradictory findings may be attributed to differences in patient populations and in methodology.
More conclusive results will depend on the investigation of well characterized patient populations with a combination of available technologies. Treponema parvum sp. nov.
Description of
Small, obligately anaerobic, helically coiled, motile treponeme. The cells are approximately 1 µm long and 0n18 µm wide, with a wavelength of 0n8 µm and an amplitude of 0n3 µm. In rapidly growing cultures cells may be shorter than 1 wavelength but chains of more than 10 wavelengths are also common. Cells contain two periplasmic flagella, one originating at each pole, which overlap in the central region of the cell. In liquid medium undulation, flexing and rotation of cells does not appear to result in directional motility. However, in media of higher viscosity or when cells creep along a surface translational movement is readily detectable. Cells can be stored frozen (liquid nitrogen or mechanical freezer) in OMIZ-Pat\HuS medium supplemented with 10-20 % glycerol. The four isolates OMZ 832, 833 T , 842 and 843 are strictly carbohydratedependent ; either GluA or GalA is sufficient for growth, though growth is strongly promoted by addition of any one of the following : -arabinose, -galactose, -glucose, -fructose, -mannitol, -mannose, pectin, -ribose or -xylose. No growth-stimulating effect was seen with -arabinose, -cellobiose, -fucose, -fucose, -galacturonic acid, -glucuronic acid, -lactose, -maltose, -melibiose, -rhamnose, -sorbose, -sucrose, -trehalose nor -xylose. The chemically complex (undefined) components of OMIZ-Pat, i.e. YEM (fractionated yeast extract) and DANP (fractionated peptone) (Wyss & Ermert, 1996) , are not strictly required for growth but are strongly stimulatory. Similarly, human serum or FBS are not required but are growth-promoting at 1 % (v\v). FBS is not inhibitory even at 10 % (v\v). On OMIZPat\HuS agarose T. parvum forms off-white diffuse subsurface colonies up to 3 mm in diameter after 5 d of anaerobic incubation at 37 mC. The four OMZ isolates showed uniform reaction in ApiZym tests with weak activities of alkaline phosphatase and esterase C4 and C8, intermediate activities of acid phosphatase and naphthol phosphohydrolase and strong activity of β-glucuronidase. The type strain, OMZ 833 T , was isolated from subgingival plaque of a human deep periodontal lesion and has been deposited at the American Type Culture Collection (ATCC), Manassas, VA, under the accession number ATCC 700770 T . Strain OMZ 842, isolated from a Chinese ANUG lesions patient, has been deposited at the ATCC under the accession number ATCC 700773 as a reference strain for a serotype distinct from OMZ 833 T (no reactivity with mAb 465TP1).
Distinguishing characteristics
The novel isolates show some similarities to T. pectinovorum. They are, however, clearly distinguishable phenotypically from this species by the presence of a strong β-glucuronidase activity, by the inability to utilize pectin as sole source of carbohydrate and by marked differences in protein and antigen pattern revealed by SDS-PAGE. Very short and thin cells also are typical of this novel species, though this is not strongly diagnostic, since all cultured treponemes show variation in morphology under different growth conditions. Our ' Smibert-2 ' isolates also differ from the 1 : 2 : 1 flagellated pectinolytic treponemes isolated from non-human primates by Sela et al. (1987) by virtue of their inability to grow on pectin.
On the basis of 16S rRNA sequence comparisons, T. parvum differs phylogenetically from other species of Treponema, including T. pectinovorum. T. parvum is the sole representative of Group 7 of oral Treponema as defined by Paster et al. (1998) . The closest relatives of T. parvum are T. pectinovorum (88 % similarity) and T. amylovorum (90 % similarity).
